Arabidopsis thaliana contains two GDP-L-galactose phosphorylase genes, VTC2 and VTC5, which are critical for ascorbate (AsA) biosynthesis. We investigated the expression levels of both VTC2 and VTC5 genes in wild-type A. thaliana and the AsA deficient mutants during early seedling growth. Ascorbate accumulated to an equal extent in all genotypes up to 5 d post-germination (DPG). The transcript level of VTC2 was dominant, and increased in parallel with AsA accumulation in the wild type. On the other hand, the expression of VTC5 compensated for the reduced VTC2 transcription levels in the AsA deficient mutant vtc2-1 in young seedlings. A luciferase activity assay indicated that the VTC5 promoter was more active in young (2 DPG) cotyledons and that the VTC2 and VTC5 promoters drove a day-to-night variation in expression. The present work provides clues to the precise roles of VTC2 and VTC5 in AsA biosynthesis in A. thaliana at the young seedling stage.
Ascorbic acid (AsA) is the most abundant watersoluble redox compound. It has a multi-functional role in plants. The concentration of AsA is of mM order; under favorable conditions it represents 10% of the total soluble carbohydrate pool. 1) AsA has diverse vital physiological roles in plants. In addition to scavenging reactive oxygen species (ROS) as an electron donor for AsA peroxidase, 2, 3) it prevents over-oxidation of iron in the active center of 2-oxoglutarate-dependent dioxygenases (2-ODDs) and as a cofactor for violaxanthin de-epoxidase. 2-ODDs include prolyl hydroxylase 4) and enzymes participating in the biosynthesis of plant hormones, such as abscisic acid and gibberellic acid. 5) Moreover, AsA acts as a signal-transducing molecule, 6, 7) modulating the cell cycle, 8) regulating elongation growth, 9, 10) and controlling cell division 11) and stomatal movement.
12) It also plays a role in the electron transport of chloroplasts and plasma membranes, 13, 14) and affects the expression levels of many genes, depending on cellular concentration. 15, 16) In higher plants, a major AsA biosynthetic pathway, the Smirnoff-Wheeler pathway, proceeds via GDP-Dmannose (GDP-D-Man) and L-galactose (L-Gal). 1, 17) A GDP-L-Gal phosphorylase encoded by VTC2 (At4g26850) and VTC5 (At5g55120) catalyses the conversion of GDP-L-Gal to L-Gal 1-P in the pathway, and plays a pivotal role in AsA biosynthesis. [18] [19] [20] [21] A double knock-out Arabidopsis thaliana mutant of the two genes is lethal phenomenon without supplementation with L-Gal or AsA. 21) Among three available A. thaliana vtc2 mutants (vtc2-1, vtc2-2, and vtc2-3), the expression level of VTC2 was most reduced in the vtc2-1 mutant, in which the leaves contained the lowest level of AsA (20% of the wild type). 21, 22) There are two T-DNA insertion lines for VTC5, vtc5-1 (SALK 000989) and vtc5-2 (SALK 135468), which lack VTC5 transcripts, and the ascorbate contents of their leaves are about 80% of the wild type. 21) Both genes are expressed in almost all A. thaliana tissues. Though the expression level of VTC2 in mature leaves is generally 100 to 1,000-fold higher than that of VTC5, the expression of both is regulated by diurnal rhythm and light intensity. 21) The results obtained to date indicate that VTC2 has a dominant function in AsA biosynthesis, while VTC5 has a limited role, and hence its the physiological importance remains unclear.
Seedlings are useful in understanding the regulatory mechanism of AsA biosynthesis, because AsA levels increase dramatically after germination. 23) In this study, we focused on the expression status of the VTC2 and VTC5 genes during the early seedling stages of A. thaliana. We analyzed the total AsA levels of A. thaliana wild-type and the AsA deficient mutants at various stages of development, and measured the expression levels of the two genes. Next, the promoter activity of the two genes was assayed by means of a firefly luciferase (Fluc) reporter gene. Finally, the lightresponsive region of the VTC2 promoter was analysed by dual LUC activity assay.
Materials and Methods
Plant materials and growth conditions. A. thaliana wild-type Columbia-0 (Col-0) and AsA deficient mutants vtc2-1, vtc5-1, and vtc5-2 were sterilized and sown on 0.8% w/v agar plates containing Murashige and Skoog (MS) medium (Sigma-Aldrich, St. Louis, MO) and 2.5% sucrose. The seeds were stratified for 2 d at 4 C, and then grown at 22 C with a rhythm of 12 h light (7:00-19:00)/12 h dark (19:00-7:00). Light intensity was 100 mmol photons m À2 s À1 . After 2 weeks, the seedlings were transferred to Jiffy soil (Jiffy Products International AS, Stange, Norway), and grown under the same conditions. Seedlings used in AsA assays and RNA isolation were carefully collected removed from MS medium at 15:00 for each group of samples.
Ascorbate assay. Seedlings were ground to powder in a mortar in liquid nitrogen (at least 20 mg of sample were used for each assay), then homogenized in 0.1 M HCl and 1 mM EDTA and centrifuged at 13;000 Â g or 3 min at 4 C. Total AsA was measured by the bipyridyl method using a microtiter plate reader. 24) RNA isolation and cDNA preparation. Less than 100 mg of tissue was ground in liquid nitrogen, then combined with 1 mL of RNAiso (Takara, Ohtsu, Japan) and homogenized. Chloroform (200 mL) was added and the sample shaken, then kept stationary for 10 min, and then centrifuged at 13,000 rpm for 15 min at 23 C. The supernatant was transferred to a new tube, and an equal volume of isopropanol was added and mixed in sufficiently, and then kept stationary for 10 min. The mixture was and centrifuged at 13,000 rpm for 10 min at 23 C. The supernatant was discarded and the RNA pellets were dried with a vacuum pump. The crude RNA was treated with 10 units of DNase I and further purified with Fastpure RNA kit (Takara). The concentration and quality of the total RNA samples were determined with an Eppendorf BioPhotometer. Less than 500 ng of the purified total RNA was used for the preparation of cDNA with Perfect Real Time (Takara), following the manufacturer's instructions. The cDNA was diluted 10-fold for subsequent real-time PCR.
Real-time PCR. The reaction mixture contained 2 mL of the cDNA sample, 10 mL of the SYBR Premix Ex Taq, 10 mM of forward and reverse primers, and H 2 O (up to 20 mL). The reaction was run with the Thermal Cycler Dice Real Time System TP800 (Takara). The relative expression level normalized to actin-2 was calculated with Dice Real Time V2.10B software. The primer sequences (5 0 to 3 0 ) were Actin-2 (At3g18780-F): GGCAAGTCATCACGATTGG; R: CAGCTTCCA-TTCCCACAAAC; VTC2 F: AGCCCGGAGGTATTGGAAACA; R: GGCTTCAAAGGCGAGAGCAG; VTC5 F: AGCGTCGTTGCAAT-CAATGTG; R: CTTCAGCCGCCATTTGAAGA. The thermal cycling procedure for PCR was 1 cycle at 95 C for 30 s, followed by 40 cycles of 95 C for 5 s and 60 C for 30 s. The specificity of PCR was confirmed by the melting curve analysis program.
Genomic DNA isolation. A single mature A. thaliana wild-type leaf (about 10 mg) was crushed with a plastic pestle in an Eppendorf tube with 100 mL of the isolation buffer (0.6 M NaCl, 0.1 M Tris-HCl pH 7.5, 40 mM EDTA pH 8.0, and 1% SDS) until no large pieces of leaf were visible. Another 400 mL of the isolation buffer was added and the tissue further homogenized. Chloroform/phenol mixture (500 mL, 1:1) was added and mixed, and the mixture was centrifuged at 15,000 rpm for 5 min at 23 C. The supernatant was transferred to a new Eppendorf tube, and 2.5 volumes of ethanol were added to precipitate the genomic DNA. The samples were centrifuged at 15,000 rpm for 5 min at 23 C. The DNA pellet was washed with 1 mL of the 70% ethanol and dried in a vacuum pump for 5 min. Finally, the DNA pellet was dissolved in 20 mL of the TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) and stored at À20 C.
Construction of the promoter Fluc system. A region approximately 1.5 kb in length upstream of genes VTC2 and VTC5 (including an untranslated region, UTR) was amplified from A. thaliana wild-type genomic DNA with Blend Taq polymerase (Toyobo, Osaka, Japan) following the manufacture instruction for the product (see specific primers in Supplemental Table 1 , Biosci. Biotechnol. Biochem. Web site). Promoter regions were inserted into entry vector pDONR201 and then cloned into Gateway vector pGWB535, which contains the Fluc reporter gene, 25) via the LR reaction using LR clonase (Invitrogen, Carlsbad, CA), following the instructions of the manufacturer.
A. thaliana transformation and transgenic plant screening. Constructs were transformed into Agrobacterium tumefaciens strain C58C1 by electroporation. A. thaliana wild-type plants were transformed with strain C58C1 by floral dip.
26) The transformed plants were screened on 0.8% w/v agar MS medium plates containing 2.5% sucrose and 20 mg/mL of the hygromycin. The seeds were stratified (see above for method) for 2-3 d, and then moved to a culture chamber (22 C, 100 mmol photons m À2 s À1 ). After 3 weeks, the healthy seedlings were transferred to Jiffy-7 soil and grown in a plant room (for method).
Analysis of luciferase activity. Transgenic A. thaliana seedlings were sprayed with 0.4 mM D-luciferin (potassium salt, Wako, Osaka, Japan), and luciferase (LUC) activity was detected with an EM-CCD digital camera (imagEM, Hamamatsu Photonics, Hamamatsu, Japan). The final false color luminescence image and the mixed (merge) picture were obtained by analyzing the raw photo with HOKAWO imaging software (version 2.1).
Construction of plasmids for transient reporter assay.
To define the cis-acting element in the promoter region of VTC2, 5 0 -deleted fragments of the 5 0 -flanking region (À500 upstream) of VTC2 were amplified from genomic DNA with KOD-Plus (Toyobo) following the instructions for the product (for primer sequences, see Supplemental Table 2 ). The amplified DNA fragments were ligated into pT7 Blue vector (Takara), yielding pT7/VTC2 pro.-500. The resulting constructs were digested with Bam HI/Kpn I and cloned into the pBI101/Fluc vector. For this construction, the FLuc gene (pGL-Basic Vector, Promega, Madison, WI) was cloned into the Kpn I/Sac I site of the pBI101 vector (Clontech, Palo Alto, CA), yielding the pBI101/Fluc vector. pT7/VTC2 pro.-500 was digested with Bam HI/Kpn I, and the CaMV35S promoter of pHSG/35S pro.::FLuc 27) was replaced (pHSG/ VTC2 pro.-500::FLuc and pHSG/VTC2 pro.-272::FLuc), yielding pHSG/VTC2 pro.-500::FLuc. Constructs with deletions (À154, À118, À70, À40 and À0 bp from the transcriptional initiation site) were synthesised by PCR from pHSG/VTC2 pro.-500::FLuc. The construction of the reference plasmid (pHSG/35S pro.-Renilla LUC) was described previously. 27) See the specific primers in Supplemental Table 2 .
Transient reporter assay. For plasmid transformation, gold particles (1.6 mm in diameter) coated with 1.6 mg of reporter plasmid and 0.4 mg of reference plasmid were applied to rosette leaves harvested from 4-week-old A. thaliana wild-type plants by particle bombardment by the Bio-Rad PDS-1000/He system (Bio-Rad, Hercules, CA) following Fujimoto et al. (2000) . 28) After bombardment, the samples were kept in the dark at 22 C for 4 h, and then incubated under light or dark for 12 h. Luciferase activity assays were performed by the Dual-Luciferase Reporter Assay System (Promega) and a Luminescencer PSN-R (Atto, Tokyo) following the manufactures' instructions.
Results and Discussion
Expression levels of the VTC2 and VTC5 genes in wild-type A. thaliana and the AsA deficient mutants during early seedling growth A. thaliana wild-type and mutant vtc2-1, vtc5-1, and vtc5-2 were grown on MS medium with 2.3% sucrose.
The total AsA content was determined 1, 2, 5, 8, 11, and 14 DPG. In the seedlings of the wild type, total AsA increased from 1.2 mmol/gFW 1 DPG to 3.5 mmol/gFW by 8 DPG, after which time it increased more gradually to 4.0 mmol/gFW by 14 DPG (Fig. 1) . A similar increase in AsA occurs during pea seed germination. 23) The total AsA content of the vtc5-1 and vtc5-2 mutants increased in a manner similar to the wild type until 8 DPG, but the AsA content hardly increased after this time. In the vtc2-1 mutant, total AsA did not increase after 5 DPG, and was fairly stable after that. There was no significant difference in the total AsA concentration among the lines before 5 DPG. However, by 14 DPG, vtc5-1 and vtc5-2 had slightly less total AsA than the wild type (3.6 mmol/gFW and 3.8 mmol/gFW, respectively), while vtc2-1 had significantly less (2 mmol/gFW; Fig. 1) . The results indicate that AsA deficiency does not occur in young vtc-2-1 seedlings. However, the AsA content of the mature leaves of the vtc2-1 mutant was about 20% of that of the wild type (Supplemental Fig. 1) . 22) Since double vtc2-1/vtc5 mutants are not viable, 21) it is likely that VTC5 activity is sufficient to maintain ascorbate status during early seedling growth.
To investigate this phenomenon further, the transcript levels of VTC2 and VTC5 from 1-14 DPG of A. thaliana were measured by real-time PCR. The transcript level of VTC2 was consistently higher than that of VTC5 within the observation period. Furthermore, the transcript level of VTC2 increased gradually, while the transcript level of VTC5 did not significantly change (Fig. 2A) . In the vtc5-1 and vtc5-2 mutants, the transcript level of VTC2 was higher than that of the wild type before 8 DPG, especially at 5 DPG, when the level in vtc5-1 was more than 2-fold that of the wild type, but this difference disappeared after 8 DPG (Fig. 2B) . As expected, the transcript level of VTC2 in the vtc2-1 mutant was consistently much lower than the wild type. 21) Similarly, the transcript level of VTC5 was much lower in both the vtc5-1 and the vtc5-2 mutant in all seedlings as compared with the wild type. In the vtc2-1 mutant, the transcript level of VTC5 was higher than the wild type over the entire period of observation (Fig. 2C) , suggesting that VTC5 can compensate for a reduction in VTC2. The same result was obtained for the mature leaves (Fig. S2B) , although it was not sufficient to maintain AsA at the same level as the wild type (Supplemental Fig. 1 ). To verify the exact expression patterns of VTC2 and VTC5, promoter/ reporter transgenic A. thaliana were produced. The promoter region of each gene (about 1.5 kb upstream of the transcription start site, including the 5 0 -UTR region) was amplified and cloned into Gateway vector pGWB535, which contains the Fluc reporter gene, 25) after that constructs were transformed into A. thaliana wild-type plants. Both the VTC2 and the VTC5 promoter directed the expression of LUC by detection of luminescence in the transgenic seedlings (Fig. 3) . On the first d after germination, the luminescence of the VTC2 promoter::Fluc transgenic lines was slightly higher than that of the VTC5 lines, but very soon after the second d, their luminescence signals became different. The VTC2 promoter::Fluc lines showed higher activity than the lines of VTC5. This phenomenon was observed for all subsequent growth stages (Fig. 3) . These results are consistent with the above PCR results. Overall, these findings suggest that the paralogous genes VTC2 and VTC5 can complement each other during the early seedling stages to ensure sufficient AsA for normal development. Seedling tissues constantly undergo dramatic cell-wall rearrangement and cell elongation. It has been reported that synthesis of cell-wall extracellular matrix proteins, such as extensin, which contain high amounts of hydroxyproline, might be a significant sink for AsA. 29 can be used at the cell-wall to produce hydroxyl radicals, which cause oxidative cleavage of cell-wall polysaccharide enhancing cell-wall loosening and elongation.
9)
The expression of VTC2 and VTC5 promoter::Fluc transgenes followed a day-night rhythm and responded to light intensity Previous work has shown that VTC2 and VTC5 transcript levels increase on exposure to high light intensity and are higher in the light than the dark phase of the daily cycle. 21, 30) To investigate further the light responsiveness of these genes, the activity of LUC in the transformed plants containing the promoter::Fluc construct was determined in response to light intensity and a day-night cycle. Four week-old transgenic lines were grown under 12 h light (8:00-20:00)/12 h dark (20:00-8:00). Luminescence was observed every 4 h during a 24 h period (Fig. 4) . Luminescence from VTC2::Fluc was highest 4 h after the beginning of the light period. It then decreased progressively during the light period and the subsequent dark period. This pattern confirms that VTC2 expression follows a circadian rhythm. 21) Luminescence from the VTC5 promoter::Fluc transgenic lines was very low throughout the entire cycle (Fig. 4) .
Finally, the mature transgenic lines were illuminated under low light (LL, 15 mmol photons m À2 s À1 ) and high light (HL, 300 mmol photons m À2 s À1 ) respectively. The luminescence signal was detected after 12 and 24 h (Fig. 5) . It was clear that light intensity regulates the expression of the two genes tightly, and that HL condition stimulates their expression substantially more than LL conditions. Luminescence was visible from the VTC5 promoter::Fluc lines under HL, and was stronger than previously from normal light quality. This is consistent with our previous work, 21) and suggests that these promoter::Fluc lines will be a valuable tool for analyzing the signal transduction processes involved in controlling VTC2 and VTC5 expression.
Analysis of light-responsive cis-elements in the VTC2 promoter
To analyze the light responsive cis-element within the VTC2 promoter, we constructed a Fluc reporter system 27) containing 5 0 -deleted fragments of the 5 0 -flanking region (À500 upstream) of the VTC2 gene (Fig. 6A) . We confirmed that the À500 upstream region exhibited the same luminescence signal as the À1;500 region used Gold particles coated with 1.6 mg of reporter plasmid and 0.4 mg of reference plasmid were applied to rosette leaves harvested from 4-week-old plants by particle bombardment, as described in ''Materials and Methods.'' After bombardment, the samples were kept in the dark at 22 C for 4 h, and then incubated under light or dark for 12 h. A, Promoter structure of the VTC2 gene. Schematic representation of VTC2 promoter fragments fused to the FLuc gene and used in the corresponding transient reporter assays. A putative TATA box is shown by a black box. The 5 0 -untranslational region of the VTC2 gene and the Fluc gene are shown by a white and a gray box respectively. B, Relative LUC activity (light/ dark) after bombardment of A. thaliana leaves with various deleted forms of VTC2 promoters fused to the Fluc gene. To normalize for transformation efficiency, the CaMV35S::Rluc reporter plasmid was co-bombarded as a control in each experiment. Data are mean AE SD for three individual experiments (n ¼ 8). See Fig. S3 for the individual LUC activity for light and dark treatment. The procedures are described in ''Materials and Methods.'' Asterisks indicate that values are significantly different from those for the control (VTC2 pro.-0::FLuc) (p < 0:05). C, Nucleotide sequence of the region around À70 to À40. The position next to the transcription site is shown as À1.
in the above experiments (data not shown). The plasmids were transiently introduced into rosette leaves of A. thaliana Col-0 by particle bombardment. The transformed leaves were then incubated in the dark for 4 h. The LUC activity of the leaves was determined after 15 h of illumination at 100 mmol m À2 s À1 and under continuous dark separately. After each assay, the ratio of Fluc activity to Renilla luciferase (Rluc) was calculated, and this value was used as normalized LUC activity. The relative LUC activities of a series of deletion promoters from À500 to À40 are shown in Fig. 6 . The constructs containing À500, À236, À154, À118, and À70, clearly had the ability to respond to light. Further deletion beyond À70 bp led to significant decreases in relative LUC activity, and showed almost the same low level as the leaves incubated in the dark (Figs. 6B and S3) . These results suggest that the critical cis-element for light regulation is located in the region between À70 and À40 bp (Fig. 6C) . It has been reported that expression of the genes encoding L-Gal 1-P phosphatase and Lgalactono-1,4-lactone dehydrogenase, other members of the Smirnoff-Wheeler pathway, in rice exhibited light regulation, and that the promoter region contained a conserved light-responsive cis-element-like GT1 box and a TGACG motif. 31) However, a search for known consensus elements for trans-acting factors indicated no significant motifs in the À70 and À40 region of A. thaliana VTC2. Therefore, a novel transcription factor might contribute to the control of gene expression, followed by regulation of AsA pool size.
Conclusion
In this study, we obtained three new items of information relevant to the physiological function of two genes encoding GDP-L-Gal phosphorylases, VTC2 and VTC5, in A. thaliana plants. First, our gene expression analysis in seedlings showed that VTC5 can compensate for VTC2 expression at the early germination stage, resulting in maintenance of the AsA level in the vtc2-1 mutant as compared to the wild type. Secondly, analysis of the expression pattern of the VTC2 promoter::Fluc and the VTC5 promoter::Fluc transgenes indicated that they reflect the expression pattern of the endogenous genes and can be used for further analysis of the signal transduction pathways involved in light-responsive AsA biosynthesis. Thirdly, the causal promoter region of VTC2 in response to light was located between À40 and À70 bp upstream of the transcriptional start site and contained no known significant cis-elements.
